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Spin-dependent electron transport in a periodically stubbed quantum wire in the presence of Rashba spin- 
orbit interaction (SOI) is studied via the nonequilibrium Green's function method combined with the Landauer- 
Biittiker formalism. The coexistence of spin filtering, charge and spin switching are found in the considered 
system. The mechanism of these transport properties is revealed by analyzing the total charge density and spin- 
polarized density distributions in the stubbed quantum wire. Furthermore, periodic spin-density islands with 
high polarization are also found inside the stubs, owing to the interaction between the charge density islands 
and the Rashba SOI-induced effective magnetic field. The proposed nanostructure may be utilized to devise an 
all-electrical multifunctional spintronic device. 



During the last decade, much effort has been made in us- 
ing the electron spin in semiconductor to store and com- 
municate information, often referred to as semiconductor 
spintronics. 1 1 31 The main challenge in this field is how to pro- 
vide feasible methods to generate, manipulate, store, and de- 
tect spin-polarized electrons in semiconductor materials. The 
Rashba spin-orbit interaction (SOI),' 4 ' which arises from the 
structural asymmetry of the confining potential in semicon- 
ductor quantum well, is regarded as a promising way. The 
practical advantage of the Rashba SOI is that its amplitude 
can be conveniently tuned by different means, including the 
ion distribution in the nearby doping layers,' 51 the relative 
asymmetry of the electron density at the two quantum well 
interfaces,^ and importantly, the applied voltage to surface 
gates.^Sl 

With the advances in modern nanotechnology, various 
kinds of high quality low-dimensional nanostructures and 
superlattice structures can be fabricated. 1 101 Recently, spin- 
dependent electron transport in nanostructures in the pres- 
ence of Rashba SOI has drawn much attention for the pur- 
pose of application in spintronic devices. It is shown that 
the spin-dependent electron transport property is very sen- 
sitive to the geometrical structure symmetry of the consid- 
ered system. For the two-terminal Rashba nanostructures 
with broken longitudinal symmetry such as zigzag wire,^ 
electron stub waveguide, 1 121 and locally constricted electron 
waveguides, DEI a spin-polarized current can be generated 
in the output lead. In addition, it has also been found that 
highly polarized spin-density islands can be formed inside 
nonuniform waveguides due to the structure-induced bound 
states. 112 ' 151 For the two-terminal transversally asymmetrical 
Rashba nanostructures, such as hornlike waveguide^ and 
step-like quantum wire, 03 a very large spin conductance can 
be obtained when the forward bias is applied to the structures. 
However, it is suppressed strongly when the direction of bias 
is reversed. 
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Spin-dependent electron transport in superlattice struc- 
tures has also been investigated extensively. A periodic and 
nearly square-wave pattern with wide gaps has been found 
in the transmission spectra of periodically stubbed electron 
waveguide with Rashba SOI for a spin-polarized injection, 
demonstrating the structure can be utilized to design a spin 
transistor. Similarly, transmission gaps with a complete 
blocking of the charge current over a range of energy has been 
found in straight quantum wires under the modulation of spa- 
tially periodic Rashba SOI (electric field), which can be used 
as an ideal charge current switch. 112123] Furthermore, ideal 
spin-filtering effect can also be achieved in straight quantum 
wires when they are modulated by spatially periodic Rashba 
SOI and magnetic field simultaneously. 12 ^ 27 " However, spin- 
dependent electron transport in periodic Rashba nanostructure 
with breaking of longitudinal symmetry in the case of spin- 
unpolarized injection, up to now, has not been studied yet. 

In this letter, by means of nonequilibrium Green's func- 
tion (GF) with tight-binding approximation scheme, we calcu- 
late the spin-dependent conductance and local spin-polarized 
density (LSPD) distribution for a periodically stubbed quan- 
tum wire in the presence of Rashba SOI. The quantum wire 
is sandwiched between two normal metal leads, as sketched 
in Fig. 1(a), with experimental setup proposal as shown in 
Fig. 1(b), where l\ is the distance between nearest-neighbor 




FIG. 1: (Color online) Schematic diagrams of (a) a periodically 
stubbed quantum wire with Rashba SOI and (b) the experimental 
setup proposal, where l\ is the distance between nearest-neighbor 
stubs with length l 2 and width (w 2 -wi). The topgates produce the 
transverse confinement for the stubbed quantum wire while the back- 
gate tunes the Rashba SOI strength. 
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stubs with constant length li and width (W2-W1). The topgates 
produce the transverse confinement for the stubbed quantum 
wire while the backgate tunes the Rashba SOI strength. Inter- 
estingly, it is found that a spin-polarized current can be gener- 
ated in the output lead, which is attributed to the asymmetrical 
distribution of spin-polarized density caused by the Rashba 
SOI in combination with the broken longitudinal symmetry of 
the system. Moreover, ideal charge and spin-polarized current 
switching effects are observed in the considered system, ow- 
ing to minigaps in the energy band caused by the periodic stub 
structure. In addition, highly spin-polarized density islands 
have also been found inside stubs due to the interaction be- 
tween the charge density islands and the Rashba SOI-induced 
effective magnetic field. Therefore, the proposed structure al- 
lows for practical applications, including spin filtering, charge 
and spin current switching, and spin storage. 

Using the standard tight-binding formalism, the Hamilto- 
nian for the considered system including Rashba SOI reads 



H = 
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where c\ mt .{ci m () is the creation (annihilation) operator for an 
electron with spin ( =f or { on site (/, m), - At is the on- 
site energy with the electron hopping amplitude t - h 2 /2m*a 2 
(m* and a are the effective mass of electron and lattice spacing, 
respectively), cr x and cr y are the Pauli matrixes, y R = a(2ay l 
is the Rashba SOI strength with the Rashba coefficient a, 
is the additional confining potential, and H.c. means complex 
conjugate. 

According to Hamiltonian (1), the outgoing wave ampli- 
tudes and the wave function of a scattered electron state 
can be obtained by adopting the spin-resolved recursive GF 
method. G3E1 Then the two-terminal spin-dependent conduc- 
tance is given by the Landauer-Biittiker formula'3'21 



g«' = jTtQ*gF rf cfj ), 



(2) 



in which T^rj denotes the self-energy function for the isolated 
ideal leads, G r (G a ) is the retarded (advanced) GF of the 
whole structure, and Tr means the trace over the spatial and 
spin degrees of freedom. The total charge density distribution 
and the LSPD distribution of the z-component of electrons in 
the system are defined respectively as^^": 



p t0,al (x,y) = Yj^,y)^ q( {x,y), 



q£ 



and 



LP z (x,y) = ^^(x,y)o\^(jc,y), 



(3) 



(4) 



E =7.42 mcV E =7.63 mcV 



^ 4 

so 



.1 i ' 



1(a) 



! i ! i 'J i i i 



<f"<f TO'; 






£ 7.42 meV^ 


^/ E 7 7.63 mcV 


6 


/ 










4 












^2 








(b) y 












6 9 12 T5 

E (meV) 



9 12 15 

E (meV) 



FIG. 2: (Color online) The calculated (a) charge conductance and 
(b) the z-component spin conductance spectra for the system with 
number of stubs ;i=l (black) solid, 10 (red) dashed, 20 (blue) dotted 
and 30 (green) dash-dotted, where the graphs are vertically offset 2.0 
for comparison. 



where ifr q ((x,y) is the velocity-normalized scattered wave 
function of an electron injected from the lead in the qth sub- 
band with spin f =| or X, and the summation is taken over all 
the propagating modes in the lead. 

The z-axis is taken as the spin-quantized axis so that | T>= 
(1,0) T represents the spin-up state and | |>= (0, 1) T denotes 
the spin-down state, where T means transposition. There- 
fore, the charge conductance and the spin conductance of z- 
component are accordingly defined as 



G e = G TT + G n + G 11 +G 
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and 
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respectively. 

In what follows, we present some numerical examples 
for the system. In the calculation the physical quantities 
are chosen to be that for a high-mobility GaAs/Al A Gai_ v 
heterostructure' 31 ' with a typical electron density ~ 2.5 x 
10 n /cm 2 and m* = 0.067m,,, where m e is the mass of free 
electron. The periodically stubbed quantum wire is formed by 
adding top-gates upon the heterostructure, as shown in Fig. 
1(b), with fixed geometrical structure parameters l\ - h- 40 
nm, w\ = 36 nm, and W2 = 80 nm. The strength of the Rashba 
SOI can be controlled by a back-gate and the Rashba coeffi- 
cient is set as a — 43.7 meV-nm. For simplicity, the hard-wall 
potential approximation is chosen as the transverse confining 
potential and the lattice spacing is taken as a — 4 nm. 

Figures 2(a) and 2(b) show the charge and spin conduc- 
tances as function of the electron energy for various stub num- 
bers, respectively. For the quantum wire with one stub only, 
the resonance and antiresonance structures are found in the 
charge conductance, as shown by the (black) solid line in Fig. 
2(a), originating from the interference between the continue 
states in the wire and the quasi-bound states in the stub. 112 ' 
When the number of the stubs increases to n=10, minibands 
appear in the charge conductance spectrum as shown by the 
(red) dashed line. As the number of the stubs increases fur- 
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FIG. 3: (Color online) The total charge density (the left panels) and 
LSPD (the right panels) distributions in stubbed quantum wire with 
different length (different number of stubs), where the electron en- 
ergy is taken as E\ = 7.42 meV. The concerned density in all the 
panels are normalized against the highest value in (c). 



ther, the charge conductance around the antiresonances de- 
creases gradually and finally extends into minigaps [see the 
(blue) dotted and (green) dash-dotted lines in Fig. 2(a)]. The 
formation of the minibands and minigaps is attributed to that 
the period of the stubs on quantum wire L = l\ + I2 — 80 nm 
is much larger than the lattice spacing a=4 nm, which leads 
to the split of the energy band. This effect very resembles the 
result as found in a Rashba wire under the modulation of lon- 
gitudinal periodic potential.' 25 ' In addition, the charge conduc- 
tance oscillations are also found in the allowed bands between 
the nearest two minigaps and they become more rapid with 
increasing stub numbers. The characteristics of the charge 
conductance described above is similar to that of a longitu- 
dinal symmetrical waveguide system with attached stubs. 1 321 
However, the spin conductance exhibits very different behav- 
iors, as shown in Fig. 2(b). For the quantum wire with single 
stub, a nonzero spin conductance can be obtained. Particu- 
larly, a broad spin conductance peak with very large magni- 
tude emerges when the electron energy at E\ =7.42 meV. Inter- 
estingly, spin conductance minigaps appear with the increase 
of stub numbers and their positions are the same as that of the 
charge conductance minigaps. Unexpectedly, the broad peak 
happens to be split by a minigap. Moreover, the magnitude 
of the spin conductance in the allowed band almost keeps in- 
variable except for the emergence of some small oscillations, 
demonstrating that the spin conductance is mainly determined 
by the longitudinal structures while has less relation with the 
number of stubs. 

In order to further understand the behavior for charge and 
spin conductances in Fig. 2, the distributions of total charge 
density and LSPD for the system with different number of 
stubs are shown in Fig. 3. The electron energy is taken as 
£i=7.42 meV, i.e., a value locates inside the broad peak of 
spin conductance but outside the minigap of charge conduc- 
tance (see Fig. 2). For the quantum wire with single stub, 
as shown in Fig. 3(a), the total charge density distribution 
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(Color online) The same as Fig. 3 but the energy £2=7.63 



in the narrow regions and the left wide region displays regu- 
lar stripes, which represent propagating modes. Interestingly, 
the lower propagating mode spreads along the whole system. 
However, the higher propagating mode is strongly localized 
in the system, that is, charge density islands are formed in- 
side the stub and the right wide region. The former island 
results from the interference between the forward electron 
waves and the backward electron waves scattered by the cor- 
ners, while the latter island originates from the interference 
between the forward electron waves and the backward elec- 
tron waves scattered by the wire-lead interface.' 171 When the 
number of the stubs is increased, as demonstrated in Fig. 3(b) 
and 3(c), periodic charge density islands are formed in the 
stubs and their magnitudes are slightly enhanced. Meanwhile, 
the lower propagating mode still spreads along the whole wire, 
leading to the unchangeableness of the charge conductance 
at this position [see Fig. 2(a)]. Figure 3(d) plots the LSPD 
distribution LP Z for electrons in the quantum wire with sin- 
gle stub. Interestingly, highly spin-polarized density islands 
are formed inside the stub and the right wide region, owing 
to the interaction between the charge density islands and the 
Rashba SOI-induced effective magnetic fields. 113113 Further, 
only spin-polarized density islands with positive sign are gen- 
erated inside the stubs because of the longitudinal asymme- 
try of the considered system. As a result, a spin conductance 
with positive sign can be achieved at this electron energy [see 
Fig. 2(b)]. In addition, similar to the behaviors of the to- 
tal charge density distribution in Figs. 3(b) and 3(c), periodic 
spin-polarized density islands arise in the stubs and their mag- 
nitudes strengthened slightly in some places, as shown in Figs. 
3(e) and 3(f), with the increase of stub numbers. Therefore, 
the spin conductance within the allowed band nearly keeps a 
constant. 

Figure 4 shows the total charge density and LSPD distri- 
butions of electrons in the stubbed quantum wire for another 
energy E2 = 7.63 meV, a value inside both the broad peak 
and minigap as seen in Fig. 2. For the quantum wire attached 
a single stub, as shown in Fig. 4(a), the salient characters of 
the total charge density distribution are the same as those in 
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Fig. 3(a). However, the behaviors of the total charge den- 
sity distribution for the quantum wire connected to periodic 
stubs, as shown in Figs. 4(b) and 4(c), are very different from 
that in Figs. 3(b) and 3(c). Apart from the charge density is- 
lands formed inside the stubs, charge density islands are also 
formed in the narrow regions of the quantum wire with the 
increasing number of stubs. Furthermore, the magnitudes of 
the charge density islands are increased dramatically. Finally, 
the lower propagating mode is also completely localized in 
the system, as shown in Fig. 4(c). Consequently, the charge 
conductance decreases gradually and reach zero at final, as 
seen in Fig. 2(a), with raising stub numbers. Similarly, the 
characteristics of the LSPD distribution for the singly stubbed 
quantum wires, as depicted in Fig. 4(d), are the same as that 
in Fig. 3(d). However, for the quantum wires with periodic 
stubs, highly spin-polarized density islands with negative sign 
emerge in the narrow areas of the quantum wire besides those 
inside the stubs with positive sign, as shown in Figs. 4(e) and 
4(f). Moreover, the magnitudes of the spin-polarized density 
islands, particularly those with negative sign, are enhanced 
obviously and their magnitudes are nearly equal when the 
number of stubs is large enough. Thereby, the spin conduc- 



tance at this position drops slowly and finally arrives at zero 
[see Fig. 2(b)]. 

In summary, by using the nonequilibrium GF with tight- 
binding approximation scheme, we have investigated the spin- 
dependent electron transport in a quantum wire with period- 
ically attached stubs under the modulation of Rashba SOI, 
where the wire is connected to two normal metal leads. Our 
results show that a spin-polarized current can be achieved in 
the output lead due to the longitudinal symmetry of the con- 
sidered system is broken. Moreover, both the charge and spin- 
polarized current can be switched on or off by varying the 
electron energy or the number of stubs. In addition, spin- 
density islands with high polarization can also be generated 
inside the periodic stubs. Therefore, the proposed structure 
has the potential for designing multifunctional semiconductor 
spintronic devices, such as spin filter, dual charge and spin- 
polarized current switch as well as spin memory, without us- 
ing any magnetic materials or applying a magnetic field. 
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